Abstract: Due to the risks that water contamination implies for human health and environmental protection, monitoring the quality of water is a major concern of the present era. Therefore, in recent years several efforts have been dedicated to the development of fast, sensitive, and selective sensors for the detection of heavy metal ions. In particular, fluorescent sensors have gained in popularity due to their interesting features, such as high specificity, sensitivity, and reversibility. Thus, this review is devoted to the recent advances in fluorescent sensors for the monitoring of these contaminants, and special focus is placed on those devices based on fluorescent aptasensors, quantum dots, and organic dyes.
Introduction
Monitoring the presence of contaminants in water is of general interest in order to ensure the quality of surface, ground, and drinking water [1, 2] . Among the several water pollutants, such as plastic or waste [3] , chemical fertilizers or pesticides [4] , and pathogens [5] , heavy metal ions are known for their high toxicity [6] . Although some of them are essential nutrients (for instance, iron, zinc, or cobalt), they can be toxic at higher concentrations [7] . For their part, cadmium, lead, and mercury are highly poisonous even at trace levels [8, 9] , showing a close association to cancer or neurodegenerative diseases [10, 11] . Furthermore, heavy metal ions are non-biodegradable substances [12] and they have an accumulative effect in human body [13] , where they enter, typically, through the air [14] , beverages [15] , and the food chain [16] , in which water plays a key role. There, metal ions can be found as a result of vehicle emissions [17] , batteries [18] , or industrial activities [19] . Thus, their detection at low concentrations is a matter of priority for environmental protection and disease prevention as well [20] .
This issue requires highly sensitive and selective devices [21, 22] , which can be based on different technologies; for instance, electronics [23] , electrochemistry [24] , or optics [25] . In particular, optical sensors present numerous attractive features: the ease of integration in microfluidic platforms [26] and the capability of monitoring hazardous environments [27] are just two of them. Among the optical sensors, fluorescent ones have gained popularity in recent years since they provide high specificity as well as low detection limits, fast response time, and technical simplicity [28, 29] . Their working principle consists of the emission of light by a material (fluorophore) after being excited at lower wavelengths [30] . The intensity (or lifetime) of that emission varies with the concentration of the target analyte [31] . So far, several materials, such as porphyrins [32] , metal-organic frameworks [33] , DNAzymes [34] , fluorescent
Heavy Metal Ion Sensors Based on Fluorescent Aptamers
Aptamers are a type of artificial oligonucleotide (ON) sequences with the ability of specifically binding to a target molecule [38] . Among their several attractive properties for the design of sensors are good thermal stability [39] , the ease of synthesis and modification [40] , or their simple immobilization procedure [41] . Their high affinity and specificity toward each of their target analytes [42, 43] is the most remarkable property. Consequently, aptamer-based detection techniques have emerged as very selective recognition tools [44] [45] [46] .
For instance, thymine (T) exhibits great affinity towards mercury (II) ions, forming T-Hg 2+ -T base pairs in DNA duplexes [47] , and cytosine (C) forms C-Ag + -C mismatches when it interacts with Ag + ions [48] . Thus, since the first ON-based Hg 2+ sensor was reported by Ono et al. [49] , T-rich ON sequences have been widely employed for the selective detection of Hg 2+ in water samples [50] [51] [52] . Furthermore, several selective sensors for Ag + have also been reported in the literature [53] [54] [55] . The basis of Hg 2+ sensors based on aptamers is the conformational change of the T-rich ON sequence, which acquires a hairpin structure due to T-Hg 2+ -T mismatches, as shown in Figure 1 . As Ag + ions and cytosine form C-Ag + -C base pairs, Ag + monitoring is carried out with similar sequences than Hg 2+ , but substituting the thymine groups with cytosine ones. Another particular case is the formation of guanine (G)-quadruplexes induced by the presence of Pb 2+ [56] , as it is depicted in Figure 2 . Although other metal ions, such as K + , Na + , or Ca 2+ can slightly influence the conformation of the G-quadruplex structure [57] , G-rich aptamers show good selectivity and specificity towards Pb 2+ [58] owing to the high binding ability between Pb 2+ and G bases [59] . Another particular case is the formation of guanine (G)-quadruplexes induced by the presence of Pb 2+ [56] , as it is depicted in Figure 2 . Although other metal ions, such as K + , Na + , or Ca 2+ can slightly influence the conformation of the G-quadruplex structure [57] , G-rich aptamers show good selectivity and specificity towards Pb 2+ [58] owing to the high binding ability between Pb 2+ and G bases [59] . Utilizing these sensing structures, different fluorescent detection strategies have been developed, all of them determined by the conformational change of the ON sequences in the presence of the target metal ion.
The main mechanisms for the monitoring of heavy metal ions with aptamers are shown in Figure 3 . For the sake of simplicity, the sensing procedures exposed in this schematic are specific for the particular case of Hg 2+ , but they can be implemented for the detection of other metal ions as long as these compounds induce a conformational change of the aptamer. These detection procedures, as well as the labelling of the fluorophores (and, if necessary, the quenchers), depend on the utilization of one or two DNA strands, as explained below. In the case of utilizing a single T-rich ON sequence, the luminophore is usually labeled to one of its termini (5' or 3'). Its fluorescent emission can be quenched either by the electron transfer to the T- Utilizing these sensing structures, different fluorescent detection strategies have been developed, all of them determined by the conformational change of the ON sequences in the presence of the target metal ion.
The main mechanisms for the monitoring of heavy metal ions with aptamers are shown in Figure 3 . For the sake of simplicity, the sensing procedures exposed in this schematic are specific for the particular case of Hg 2+ , but they can be implemented for the detection of other metal ions as long as these compounds induce a conformational change of the aptamer. These detection procedures, as well as the labelling of the fluorophores (and, if necessary, the quenchers), depend on the utilization of one or two DNA strands, as explained below. Utilizing these sensing structures, different fluorescent detection strategies have been developed, all of them determined by the conformational change of the ON sequences in the presence of the target metal ion.
The main mechanisms for the monitoring of heavy metal ions with aptamers are shown in Figure 3 . For the sake of simplicity, the sensing procedures exposed in this schematic are specific for the particular case of Hg 2+ , but they can be implemented for the detection of other metal ions as long as these compounds induce a conformational change of the aptamer. These detection procedures, as well as the labelling of the fluorophores (and, if necessary, the quenchers), depend on the utilization of one or two DNA strands, as explained below.
As explained previously, the fluorescent emission of the dyes can also be attenuated by a quencher linked to the opposite termini of the sensitive aptamer. One which has been widely employed with this aim is 4-([4-(dimethylamino)phenyl]azo)benzoic acid (DABCYL) [66] , owing to its broad absorption spectrum [67] : the sensor reported by Li and co-authors [68] presented a linear calibration curve between 10 nM and 200 nM, with a LOD of 10 nM Hg 2+ . Furthermore, in order to avoid the biodegradation of the aptamer, it was encapsulated in a porous phospholipid nanoshell (PPN), allowing its utilization in human urine samples.
Additionally, by labeling FAM and DABCYL to the 5' and 3' terminus of a thrombin-binding aptamer (TBA), which is also a T-rich sequence, a Pb 2+ and Hg 2+ sensor was developed: it presented a LOD of 300 pM and 5 nM for Pb 2+ and Hg 2+ , respectively, and linear detection ranges from 0.5 nM and 30 nM for Pb 2+ and from 10 nM to 200 nM for Hg 2+ [61] . As the TBA is a T-and G-rich aptamer -CGC TTG TTT GTT CGC ACC CGT TCT TTC TT-3 for  different Hg 2+ concentrations. Reprinted with permission from [65] .
As explained previously, the fluorescent emission of the dyes can also be attenuated by a quencher linked to the opposite termini of the sensitive aptamer. One which has been widely employed with this aim is 4-([4-(dimethylamino)phenyl]azo)benzoic acid (DABCYL) [66] , owing to its broad absorption spectrum [67] : the sensor reported by Li and co-authors [68] presented a linear calibration curve between 10 nM and 200 nM, with a LOD of 10 nM Hg 2+ . Furthermore, in order to avoid the biodegradation of the aptamer, it was encapsulated in a porous phospholipid nanoshell (PPN), allowing its utilization in human urine samples. Additionally, by labeling FAM and DABCYL to the 5 and 3 terminus of a thrombin-binding aptamer (TBA), which is also a T-rich sequence, a Pb 2+ and Hg 2+ sensor was developed: it presented a LOD of 300 pM and 5 nM for Pb 2+ and Hg 2+ , respectively, and linear detection ranges from 0.5 nM and 30 nM for Pb 2+ and from 10 nM to 200 nM for Hg 2+ [61] . As the TBA is a T-and G-rich aptamer [69] , in order to develop a sensor for a specific metal ion, masking agents were used: the presence of Pb 2+ , and that of Cu 2+ , Co 2+ , Ni 2+ , Cd 2+ , Cr 3+ , Al 3+ , and Fe 3+ ions as well, was masked by adding phytic acid to the samples. The interference of Hg 2+ was avoided by utilizing CN − and a random DNA, as can be seen in Figure 5 . Regarding to the reutilization of the sensor, it provided recoveries between the 95% and the 104%.
Sensors 2019, 19, x 5 of 42 [69] , in order to develop a sensor for a specific metal ion, masking agents were used: the presence of Pb 2+ , and that of Cu 2+ , Co 2+ , Ni 2+ , Cd 2+ , Cr 3+ , Al 3+ , and Fe 3+ ions as well, was masked by adding phytic acid to the samples. The interference of Hg 2+ was avoided by utilizing CN -and a random DNA, as can be seen in Figure 5 . Regarding to the reutilization of the sensor, it provided recoveries between the 95% and the 104%. As gold nanoparticles (Au NPs) are good energy acceptors [70] , they are another kind of fluorescence quenchers [71] : by covalently linking a Hg 2+ -sensitive aptamer labeled with FAM to an Au NP, it was possible to linearly monitor the Hg 2+ concentration from 20 nM to 1000 nM [29] , with a LOD of 16 nM. Furthermore, the utilization of Au NPs helped to stabilize the aptamer and decrease the LOD [72] . The quenching effect of Au NPs has also been utilized to fabricate "turn-on" fluorescent sensors: while the sensitive aptamer is linked to an Au NP (quencher), the complementary DNA sequence is labeled with a fluorophore [73] , or vice versa [74] . In the absence of mercury (II) ions, the aptamer and the complementary strand are linked, so the fluorophore and the Au NP are in proximity and fluorescence transfer occurs, resulting in a negligible fluorescent emission. In the presence of Hg 2+ , due to the high specificity of the thymine groups to this metal ion, the sensitive aptamer acquires a hairpin structure, displacing the complementary strand away from the Au NP, which leads to an increase of the fluorescence [64] .
Based on the competitive binding mechanism, an optical fiber sensor for monitoring Pb 2+ was fabricated [75] . The complementary strand was deposited onto the optical fiber: in the absence of Pb 2+ , when the Cy5.5-labeled aptamer bound to the complementary DNA, its fluorescent emission was coupled to the optical fiber. Oppositely, when Pb 2+ was present, it induced the aptamer to form G-quadruplex structures, being detached from the complementary strand, which resulted in a decrease of the coupled fluorescent intensity, as can be observed in Figure 6 . As gold nanoparticles (Au NPs) are good energy acceptors [70] , they are another kind of fluorescence quenchers [71] : by covalently linking a Hg 2+ -sensitive aptamer labeled with FAM to an Au NP, it was possible to linearly monitor the Hg 2+ concentration from 20 nM to 1000 nM [29] , with a LOD of 16 nM. Furthermore, the utilization of Au NPs helped to stabilize the aptamer and decrease the LOD [72] . The quenching effect of Au NPs has also been utilized to fabricate "turn-on" fluorescent sensors: while the sensitive aptamer is linked to an Au NP (quencher), the complementary DNA sequence is labeled with a fluorophore [73] , or vice versa [74] . In the absence of mercury (II) ions, the aptamer and the complementary strand are linked, so the fluorophore and the Au NP are in proximity and fluorescence transfer occurs, resulting in a negligible fluorescent emission. In the presence of Hg 2+ , due to the high specificity of the thymine groups to this metal ion, the sensitive aptamer acquires a hairpin structure, displacing the complementary strand away from the Au NP, which leads to an increase of the fluorescence [64] .
Based on the competitive binding mechanism, an optical fiber sensor for monitoring Pb 2+ was fabricated [75] . The complementary strand was deposited onto the optical fiber: in the absence of Pb 2+ , when the Cy5.5-labeled aptamer bound to the complementary DNA, its fluorescent emission was coupled to the optical fiber. Oppositely, when Pb 2+ was present, it induced the aptamer to form G-quadruplex structures, being detached from the complementary strand, which resulted in a decrease of the coupled fluorescent intensity, as can be observed in Figure 6 . There also exist different dyes that are sensitive to the formation of double-stranded DNA (dsDNA), such as PicoGreen [76] and SYBR Green 1 [77] . Utilizing this feature, a fluorescent assay was developed for the detection of Hg 2+ and Ag + ions utilizing two complementary strands: 5′-TTCTTTCTTCCCCTTGTTTGTT-3′ and 5′-AACAAACAAGGGGAAGAAAGAA-3′ [78] . In the absence of both of these metal ions, the two strands formed a dsDNA, which led to the fluorescence emission by PicoGreen. As the Hg 2+ or Ag + concentration increased, the number of aptamer/cDNA sequences decreased, resulting in a diminution of the PicoGreen emission. The LOD was 50 nM for Hg 2+ and 930 pM for Ag + , while the linear detection ranges were 50 nM to 4 μM and 930 pM to 930 nM for Hg 2+ and Ag + , respectively. Furthermore, not one of the other analyzed metal ions, including Cu 2+ , Li + , Zn 2+ , Na + , Ca 2+ , Mg 2+ , K + , and Pb 2+ , interfered in the measurements and, finally, the sensor presented recoveries of the 80-105% for Ag + and 104-114% for Hg 2+ .
As most of the aptamer-based fluorescent sensors for heavy metal ions are focused on Hg 2+ and Pb 2+ ions detection, the main ones are summarized in Table 1 (Hg 2+ ) and Table 2 (Pb 2+ ). Due to the high affinity of T-rich and G-rich ON sequences to these ions, and their high toxicity even at trace levels, less attention has been paid to other heavy metal ions. Thus, the development of sensitive and specific ON sequences for those ions is one of the main challenges for scientists. There also exist different dyes that are sensitive to the formation of double-stranded DNA (dsDNA), such as PicoGreen [76] and SYBR Green 1 [77] . Utilizing this feature, a fluorescent assay was developed for the detection of Hg 2+ and Ag + ions utilizing two complementary strands: 5 -TTCTTTCTTCCCCTTGTTTGTT-3 and 5 -AACAAACAAGGGGAAGAAAGAA-3 [78] . In the absence of both of these metal ions, the two strands formed a dsDNA, which led to the fluorescence emission by PicoGreen. As the Hg 2+ or Ag + concentration increased, the number of aptamer/cDNA sequences decreased, resulting in a diminution of the PicoGreen emission. The LOD was 50 nM for Hg 2+ and 930 pM for Ag + , while the linear detection ranges were 50 nM to 4 µM and 930 pM to 930 nM for Hg 2+ and Ag + , respectively. Furthermore, not one of the other analyzed metal ions, including Cu 2+ , Li + , Zn 2+ , Na + , Ca 2+ , Mg 2+ , K + , and Pb 2+ , interfered in the measurements and, finally, the sensor presented recoveries of the 80-105% for Ag + and 104-114% for Hg 2+ .
As most of the aptamer-based fluorescent sensors for heavy metal ions are focused on Hg 2+ and Pb 2+ ions detection, the main ones are summarized in Table 1 (Hg 2+ ) and Table 2 (Pb 2+ ). Due to the high affinity of T-rich and G-rich ON sequences to these ions, and their high toxicity even at trace levels, less attention has been paid to other heavy metal ions. Thus, the development of sensitive and specific ON sequences for those ions is one of the main challenges for scientists. 
Heavy Metal Ion Sensors Based on Fluorescent Quantum Dots
Quantum dots (QDs) are nanocrystals [93] that exhibit interesting optical properties, such as narrow and symmetric emission spectra and broad absorption band [94] : both parameters are tunable by modifying their material, shape, and size [95] . Thus, they can be used in a wide range of applications, for instance, photovoltaic devices [96] , light-emitting diodes [97] , or bioimaging [98] .
Fluorescent QDs can be fabricated utilizing semiconductor materials [99, 100] , carbon [101] or carbon derivatives [102] . Sensing devices can be developed following three main strategies, which are shown in Figure 7 : direct interaction between the analyte and the QDs [103] , functionalization of the QDs [104, 105] , and integration of the QDs with other sensory materials [106] . 
Fluorescent QDs can be fabricated utilizing semiconductor materials [99, 100] , carbon [101] or carbon derivatives [102] . Sensing devices can be developed following three main strategies, which are shown in Figure 7 : direct interaction between the analyte and the QDs [103] , functionalization of the QDs [104, 105] , and integration of the QDs with other sensory materials [106] . Among the semiconductor QDs, CdTe QDs have been widely employed for the monitoring of heavy metal ions [107, 108] . Furthermore, their selectivity and sensitivity can be tuned by utilizing different capping agents [109] , such as thioglycolic acid (TGA) or L-cysteine: in the first case, an electron transfer process occurs between the functional groups of TGA and Hg 2+ ions, which quenches the luminescent intensity of the CdTe QDs. Thus, employing TGA capped CdTe QDs, it was possible to detect Hg 2+ in the nanomolar range, from 1.25 × 10 -9 M to 1 × 10 -8 M, with a LOD of 3.5 × 10 -10 M Hg 2+ , as it can be observed in Figure 8a . In the case of L-cysteine capped CdTe QDs, their interaction with Hg 2+ ions depends on the concentration of the metal ion: for concentrations of Hg 2+ in the picomolar range, these ions interact with the carboxylate moiety of the L-cysteine on the surface of CdTe QDs by electrostatic forces [110] . As a consequence, their luminescent intensity was linearly quenched by the Hg 2+ ions from 5 × 10 -12 M to 2.5 × 10 -11 M, as it is displayed in Figure 8b . Furthermore, the LOD of this sensor was 2.7 × 10 -12 M Hg 2+ . At higher concentrations of Hg 2+ , there is an electron transfer between the Hg 2+ ions and the L-cysteine capped CdTe QDs [111] which induces not only a quenching of the luminescence, but also a red shift in the luminescence peak. Other QDs that show sensitivity to Hg 2+ are hyperbranched-graft-copolymers-capped CdS QDs [112] , L-cysteine-capped ZnS QDs [113] or polyethylene glycol-capped ZnO QDs [114] . Among the semiconductor QDs, CdTe QDs have been widely employed for the monitoring of heavy metal ions [107, 108] . Furthermore, their selectivity and sensitivity can be tuned by utilizing different capping agents [109] , such as thioglycolic acid (TGA) or L-cysteine: in the first case, an electron transfer process occurs between the functional groups of TGA and Hg 2+ ions, which quenches the luminescent intensity of the CdTe QDs. Thus, employing TGA capped CdTe QDs, it was possible to detect Hg 2+ in the nanomolar range, from 1.25 × 10 −9 M to 1 × 10 −8 M, with a LOD of 3.5 × 10 −10 M Hg 2+ , as it can be observed in Figure 8a . In the case of L-cysteine capped CdTe QDs, their interaction with Hg 2+ ions depends on the concentration of the metal ion: for concentrations of Hg 2+ in the picomolar range, these ions interact with the carboxylate moiety of the L-cysteine on the surface of CdTe QDs by electrostatic forces [110] . As a consequence, their luminescent intensity was linearly quenched by the Hg 2+ ions from 5 × 10 −12 M to 2.5 × 10 −11 M, as it is displayed in Figure 8b . Furthermore, the LOD of this sensor was 2.7 × 10 −12 M Hg 2+ . At higher concentrations of Hg 2+ , there is an electron transfer between the Hg 2+ ions and the L-cysteine capped CdTe QDs [111] which induces not only a quenching of the luminescence, but also a red shift in the luminescence peak. Other QDs that show sensitivity to Hg 2+ are hyperbranched-graft-copolymers-capped CdS QDs [112] , L-cysteine-capped ZnS QDs [113] or polyethylene glycol-capped ZnO QDs [114] . Sometimes, these QDs are functionalized with a sensitive element. That is the case of cysteaminecapped CdTe/ZnS core-shell QDs functionalized with T-rich aptamers [115] which, as explained previously, exhibit high affinity for Hg 2+ ions. In the absence of Hg 2+ ions, these aptamers act as an aggregator agent, resulting in a quenching of the fluorescence. As the Hg 2+ concentration increases, T-rich aptamers acquire a hairpin structure and are detached from the QDs, which de-aggregate, giving rise to an increase of the fluorescent intensity. The LOD of this sensor was 8x10 -11 M Hg 2+ , and it was capable of detecting Hg 2+ linearly from 5 × 10 -10 M to 1 × 10 -6 M Hg 2+ . Taking advantage of the high affinity of thiourea for Hg 2+ , this compound was used to modify CdSe/CdS core-shell QDs for the development of a Hg 2+ sensor [116] with a LOD of 2.79 × 10 -9 M and a linear detection range from 5 × 10 -9 M to 1.5 × 10 -6 M. Although Cu 2+ was found as an interferent ion, its presence could be masked with potassium cyanide. Apart from that, the recoveries of the fluorescent emission after removal of Hg 2+ were between 83.8% and 95.4%.
Carbon QDs (CQDs) are a new kind of fluorescent nanomaterials [117] that exhibit several advantages over semiconductor QDs, such as good biocompatibility [118] , low toxicity [119] , good aqueous solubility [120] , or facile synthesis [121] .
A common approach to tune their fluorescent properties is by doping them of other elements [122] : nitrogen (N) is the most commonly employed one [123] [124] [125] , but boron (B), sulfur (S), and phosphorous (P) are also utilized [126] [127] [128] . Liu et al. [129] improved the performance of carbon dots by N-doping: although the first ones exhibited a larger linear detection range (from 6 × 10 -7 to 1.4 × 10 -5 M, while that of N-doped CQDs was from 0.2-8 μM), their LOD was much lower, 8.7 × 10 -8 M, opposite to that of 2.5 × 10 -7 M of the CQDs, as shown in Figure 9 . Furthermore, the N-doping also enhanced the selectivity of the CQDs, avoiding the interference of Ag + , Fe 3+ , Cu 2+ and Cd 2+ cations. The potential use of N-CQDs in real applications was tested by determining Hg 2+ concentrations in real water samples: in the case of mineral water, the recoveries of the N-CQDs were between 96.6% and 105.5%, while in tap water they ranged from 98.5% to 105%. Sometimes, these QDs are functionalized with a sensitive element. That is the case of cysteamine-capped CdTe/ZnS core-shell QDs functionalized with T-rich aptamers [115] which, as explained previously, exhibit high affinity for Hg 2+ ions. In the absence of Hg 2+ ions, these aptamers act as an aggregator agent, resulting in a quenching of the fluorescence. As the Hg 2+ concentration increases, T-rich aptamers acquire a hairpin structure and are detached from the QDs, which de-aggregate, giving rise to an increase of the fluorescent intensity. The LOD of this sensor was 8 × 10 −11 M Hg 2+ , and it was capable of detecting Hg 2+ linearly from 5 × 10 −10 M to 1 × 10 −6 M Hg 2+ . Taking advantage of the high affinity of thiourea for Hg 2+ , this compound was used to modify CdSe/ CdS core-shell QDs for the development of a Hg 2+ sensor [116] with a LOD of 2.79 × 10 −9 M and a linear detection range from 5 × 10 −9 M to 1.5 × 10 −6 M. Although Cu 2+ was found as an interferent ion, its presence could be masked with potassium cyanide. Apart from that, the recoveries of the fluorescent emission after removal of Hg 2+ were between 83.8% and 95.4%.
A common approach to tune their fluorescent properties is by doping them of other elements [122] : nitrogen (N) is the most commonly employed one [123] [124] [125] , but boron (B), sulfur (S), and phosphorous (P) are also utilized [126] [127] [128] . Liu et al. [129] improved the performance of carbon dots by N-doping: although the first ones exhibited a larger linear detection range (from 6 × 10 −7 to 1.4 × 10 −5 M, while that of N-doped CQDs was from 0.2−8 µM), their LOD was much lower, 8.7 × 10 −8 M, opposite to that of 2.5 × 10 −7 M of the CQDs, as shown in Figure 9 . Furthermore, the N-doping also enhanced the selectivity of the CQDs, avoiding the interference of Ag + , Fe 3+ , Cu 2+ and Cd 2+ cations. The potential use of N-CQDs in real applications was tested by determining Hg 2+ concentrations in real water samples: in the case of mineral water, the recoveries of the N-CQDs were between 96.6% and 105.5%, while in tap water they ranged from 98.5% to 105%. While N-dopants improve the quantum yield on CQDs [130] , S-dopants are good ligands for metal ions [131] . Thus, S-doped carbon dots have been widely employed for the detection of Fe 3+ ions [132] [133] [134] . One example is the sensor reported in [135] , which exhibited high selectivity for Fe 3+ at pH 0. In this acid media, the LOD of the sensor was 9.6 × 10 -7 M, while the linear detection range was from 2.5 × 10 -5 to 5 × 10 -3 M.
In order to enhance the properties of CQDs, they can be doped of several compounds. N-, S-, codoped carbon dots without any functionalization were fabricated for the linear detection of Hg 2+ [136] between 0 and 20 μM, with a LOD of 1.7 × 10 -7 M. Additionally, the fluorescent intensity can be linearly recovered by using cyanide anions.
A particular kind of carbon QDs are based on graphene: their features are derived from graphene and carbon nanodots [137] . Hence, their sensing properties can also be modified with dopants such as nitrogen or sulfur [138, 139] . In particular, N-, S-codoped graphene QDs-based paper strips have been used in real waste water for the detection of Hg 2+ ions [140] : as it can be observed in Figure 10a , the luminescence intensity of the QDs-coated paper strips decreased as the Hg 2+ concentration increased from 10 to 200 μM. Furthermore, concentrations of 100 μM of other metal ions (Fe 2+ , Mn 2+ , Cr 3+ , Cd 2+ , Co 2+ , and Zn 2+ ) did not present any interference, as it is displayed in Figure 10b . While N-dopants improve the quantum yield on CQDs [130] , S-dopants are good ligands for metal ions [131] . Thus, S-doped carbon dots have been widely employed for the detection of Fe 3+ ions [132] [133] [134] . One example is the sensor reported in [135] , which exhibited high selectivity for Fe 3+ at pH 0. In this acid media, the LOD of the sensor was 9.6 × 10 −7 M, while the linear detection range was from 2.5 × 10 −5 to 5 × 10 −3 M.
In order to enhance the properties of CQDs, they can be doped of several compounds. N-, S-, co-doped carbon dots without any functionalization were fabricated for the linear detection of Hg 2+ [136] between 0 and 20 µM, with a LOD of 1.7 × 10 −7 M. Additionally, the fluorescent intensity can be linearly recovered by using cyanide anions.
A particular kind of carbon QDs are based on graphene: their features are derived from graphene and carbon nanodots [137] . Hence, their sensing properties can also be modified with dopants such as nitrogen or sulfur [138, 139] . In particular, N-, S-codoped graphene QDs-based paper strips have been used in real waste water for the detection of Hg 2+ ions [140] : as it can be observed in Figure 10a , the luminescence intensity of the QDs-coated paper strips decreased as the Hg 2+ concentration increased from 10 to 200 µM. Furthermore, concentrations of 100 µM of other metal ions (Fe 2+ , Mn 2+ , Cr 3+ , Cd 2+ , Co 2+ , and Zn 2+ ) did not present any interference, as it is displayed in Figure 10b . Most of the sensors based on fluorescent QDs have been developed with the purpose of monitoring Hg 2+ ions. Thus, Table 3 is focused on this kind of sensors, while devices for other metal ions, are summarized in Table 4 . Most of the sensors based on fluorescent QDs have been developed with the purpose of monitoring Hg 2+ ions. Thus, Table 3 is focused on this kind of sensors, while devices for other metal ions, are summarized in Table 4 . 
Heavy Metal Ion Sensors Based on Organic Dyes
Organic dyes have been widely employed for the development of fluorescence-based sensors [166] [167] [168] because of their attractive features: high molar extinction coefficient [169] , bright signal [170] , ease of modification [171] , and presence of many possible reactive sites in their skeletons [172] . For the detection of heavy metal ions, these fluorophores are modified with an ion recognition unit (ionophore), which serves as host for the target metal ion (guest) [173] . The interaction between the ionophore and the target analyte induces a modification of the photophysical features of the fluorophore that is translated into a change of its fluorescent emission [174] , usually from "off" to "on". Typically employed ionophores are crown ethers [175] and aliphatic or aromatic amines [176] , which act as electron donors, that is, they quench the fluorescent emission through a photo-induced electron transfer (PET) mechanism with the fluorophore [177] in the absence of the target metal ion. However, in its presence, PET does not occur, giving rise to an enhancement of the fluorescence intensity, as shown in Figure 11 . 
Organic dyes have been widely employed for the development of fluorescence-based sensors [166, 167, 168] because of their attractive features: high molar extinction coefficient [169] , bright signal [170] , ease of modification [171] , and presence of many possible reactive sites in their skeletons [172] . For the detection of heavy metal ions, these fluorophores are modified with an ion recognition unit (ionophore), which serves as host for the target metal ion (guest) [173] . The interaction between the ionophore and the target analyte induces a modification of the photophysical features of the fluorophore that is translated into a change of its fluorescent emission [174] , usually from "off" to "on". Typically employed ionophores are crown ethers [175] and aliphatic or aromatic amines [176] , which act as electron donors, that is, they quench the fluorescent emission through a photo-induced electron transfer (PET) mechanism with the fluorophore [177] in the absence of the target metal ion. However, in its presence, PET does not occur, giving rise to an enhancement of the fluorescence intensity, as shown in Figure 11 . Among all of the organic dyes, rhodamine derivatives are the most utilized ones due to their structure-dependent properties [178] [179] [180] . Other dyes that are also widely employed for the fabrication of fluorescent sensors are fluorescein [181, 182] and coumarin derivatives [183, 184] .
Li and co-workers [185] developed a turn-on fluorescent probe for Hg 2+ based on a rhodamine B derivative (rhodamine B hydroxamate spirolactam) linked to a NS2 unit as a receptor that detected Hg 2+ linearly from 0 to 1.6 × 10 -5 M with a LOD of 2.36 × 10 -6 M. The fluorescent response of the sensor towards Hg 2+ was not interfered by any other metal ion and the probe was regenerated by using Na2S. Furthermore, the potential utilization of this sensor in real applications was tested by exposing the sensor to three natural water samples to which different Hg 2+ concentrations were added, as shown in Figure 12 . Among all of the organic dyes, rhodamine derivatives are the most utilized ones due to their structure-dependent properties [178] [179] [180] . Other dyes that are also widely employed for the fabrication of fluorescent sensors are fluorescein [181, 182] and coumarin derivatives [183, 184] .
Li and co-workers [185] developed a turn-on fluorescent probe for Hg 2+ based on a rhodamine B derivative (rhodamine B hydroxamate spirolactam) linked to a NS 2 unit as a receptor that detected Hg 2+ linearly from 0 to 1.6 × 10 −5 M with a LOD of 2.36 × 10 −6 M. The fluorescent response of the sensor towards Hg 2+ was not interfered by any other metal ion and the probe was regenerated by using Na 2 S. Furthermore, the potential utilization of this sensor in real applications was tested by exposing the sensor to three natural water samples to which different Hg 2+ concentrations were added, as shown in Figure 12 . Rhod-5N is another rhodamine derivative that consists of a 5N-BAPTA ionophore linked to a rhodamine fluorophore: it exhibits a fluorescence enhancement in the presence of Hg 2+ and Cd 2+ [186] . Ruan et al. [187] fabricated a Hg 2+ sensor by immobilizing it in a silica sol-gel matrix onto the end of an optical fiber: its LOD was 1.25 × 10 -7 M Hg 2+ , and it also presented a linear detection range up to 5 × 10 -7 M Hg 2+ .
Apart from for the detection of Hg 2+ , rhodamine derivatives have been utilized for monitoring Cu 2+ , Cd 2+ , or Pb 2+ ions [188, 189] . For instance, a probe based on rhodamine 6G and p-Cresol derivatives [190] exhibited a fluorescence enhancement under the addition of Pb 2+ ions when it was illuminated with UV light. Furthermore, the color change promoted by Pb 2+ allowed the naked-eye detection of that ion, as shown in Figure 13 . Reprinted with permission from [190] . Rhod-5N is another rhodamine derivative that consists of a 5N-BAPTA ionophore linked to a rhodamine fluorophore: it exhibits a fluorescence enhancement in the presence of Hg 2+ and Cd 2+ [186] . Ruan et al. [187] fabricated a Hg 2+ sensor by immobilizing it in a silica sol-gel matrix onto the end of an optical fiber: its LOD was 1.25 × 10 −7 M Hg 2+ , and it also presented a linear detection range up to 5 × 10 −7 M Hg 2+ .
Apart from for the detection of Hg 2+ , rhodamine derivatives have been utilized for monitoring Cu 2+ , Cd 2+ , or Pb 2+ ions [188, 189] . For instance, a probe based on rhodamine 6G and p-Cresol derivatives [190] exhibited a fluorescence enhancement under the addition of Pb 2+ ions when it was illuminated with UV light. Furthermore, the color change promoted by Pb 2+ allowed the naked-eye detection of that ion, as shown in Figure 13 .
Regarding to fluorescein, it has been shown that the modification of its sites with different functional groups gives rise to sensors of different sensitivities to Ag + ions [191] : when the 4,5-positions of fluorescein were modified with N,Se-containing receptors, the LOD of the sensor was 3 × 10 −8 M Ag + , whereas the introduction of a N,S-receptor decreased it up to 4 × 10 −9 M. In both cases, the presence of Ag + ions induced the opening of the spironolactone ring, which led to the increase of the fluorescence intensity, as shown in Figure 14 .
an optical fiber: its LOD was 1.25 × 10 M Hg , and it also presented a linear detection range up to 5 × 10 -7 M Hg 2+ .
Apart from for the detection of Hg 2+ , rhodamine derivatives have been utilized for monitoring Cu 2+ , Cd 2+ , or Pb 2+ ions [188, 189] . For instance, a probe based on rhodamine 6G and p-Cresol derivatives [190] exhibited a fluorescence enhancement under the addition of Pb 2+ ions when it was illuminated with UV light. Furthermore, the color change promoted by Pb 2+ allowed the naked-eye detection of that ion, as shown in Figure 13 . Reprinted with permission from [190] . Reprinted with permission from [190] . Regarding to fluorescein, it has been shown that the modification of its sites with different functional groups gives rise to sensors of different sensitivities to Ag + ions [191] : when the 4,5-positions of fluorescein were modified with N,Se-containing receptors, the LOD of the sensor was 3 × 10 -8 M Ag + , whereas the introduction of a N,S-receptor decreased it up to 4 × 10 -9 M. In both cases, the presence of Ag + ions induced the opening of the spironolactone ring, which led to the increase of the fluorescence intensity, as shown in Figure 14 . Another commonly used dye is coumarin, which has been functionalized with receptors that are sensitive to different heavy metal ions: in the case of utilizing a triazole substituted 8-hydroxyquinoline (8-HQ) receptor [192] , which exhibits a high affinity towards Pb 2+ , a highly sensitive (LOD = 3.36 × 10 -11 M) and selective sensor was developed. In the absence of Pb 2+ , due the PET mechanism from the receptor to coumarin, the fluorescent emission was weak. In the presence of that metal ion, the PET process did not occur, so the blue emission of coumarin was recovered and visually detectable.
As well as in the case of aptamer-or QDs-based heavy metal ions sensors, most of the devices based on organic dyes are devoted to the detection of Hg 2+ ions, whereas those dedicated to the monitoring of other heavy metal ions are not so numerous. Table 5 summarizes the sensors for Hg 2+ detection based on organic dyes, whereas those developed for the detection of other metal ions are outlined in Table 6 . Another commonly used dye is coumarin, which has been functionalized with receptors that are sensitive to different heavy metal ions: in the case of utilizing a triazole substituted 8-hydroxyquinoline (8-HQ) receptor [192] , which exhibits a high affinity towards Pb 2+ , a highly sensitive (LOD = 3.36 × 10 −11 M) and selective sensor was developed. In the absence of Pb 2+ , due the PET mechanism from the receptor to coumarin, the fluorescent emission was weak. In the presence of that metal ion, the PET process did not occur, so the blue emission of coumarin was recovered and visually detectable.
As well as in the case of aptamer-or QDs-based heavy metal ions sensors, most of the devices based on organic dyes are devoted to the detection of Hg 2+ ions, whereas those dedicated to the monitoring of other heavy metal ions are not so numerous. Table 5 summarizes the sensors for Hg 2+ detection based on organic dyes, whereas those developed for the detection of other metal ions are outlined in Table 6 . HEPES buffer (10 mM, pH 7.4). Potential application also studied in synthetic marine water [207] 
Comparison between Fluorescent Sensors for Heavy Metal Ions Based on Different Materials
Although this review is focused on those sensors fabricated with fluorescent aptamers, quantum dots, and organic dyes, other materials can be utilized for the detection of heavy metal ions, such as porphyrins and metal-organic frameworks (MOFs). Thus, in this section, a brief comparison between all the materials is carried out.
As it can be observed in Table 7 , the sensors developed with fluorescent aptamers and quantum dots present the lowest limits of detection, oppositely to those fabricated with MOFs. Regarding the detection ranges, the sensors based on porphyrins and MOFs are capable of detecting heavy metal ions at higher concentration ranges (from nanomolar to hundreds of micromolar concentrations) than the rest of the sensors, which monitor concentrations from the picomolar range to the micromolar one. Although reversibility and specificity are not always analyzed, the obtained results are usually positive: the sensors recover their original fluorescence intensity once the contaminants are removed from the aqueous media, and the sensors are not or slightly affected by the presence of other heavy metal ions. 
Conclusions
As it has been shown in this review, fluorescence-based sensors exhibit interesting features for the monitoring of heavy metal ions in aqueous media: the devices presented here exhibit good sensitivity and selectivity, low detection limits as well as large detection ranges. Apart from that, some of them show recovery values close to the 100%, even after being tested in real water samples. Among the heavy metal ion species, special attention has been paid to the sensors devoted to Hg 2+ , as long as it is one of the most hazardous water pollutants and it presents an accumulative effect on human body through the food chain.
Depending on the application, different sensing materials can be utilized for the monitoring of heavy metal ions: on one side, the utilization of aptamers allows the development of sensors with low detection limits, good reversibility and outstanding specificity for Hg 2+ or Pb 2+ , due to the high affinity that T and G bases present for these contaminants, respectively. Additionally, thanks to the functionalization of quantum dots, it is possible to fabricate sensors for monitoring a wide range of heavy metal ions: although their detection limits are not as low as those of the aptasensors, they present good selectivity and reversibility. Finally, the modification of organic dyes with ion recognition units also permits the detection of several metal ions in real water samples, presenting large detection ranges, good selectivity and reversibility. Although the three kinds of materials present appropriate features for sensing applications (low detection limits, acceptable selectivity and reversibility), those devices based on aptamers exhibit the lowest limits of detection and the highest selectivity, due to the high affinity of the T-rich and G-rich ODN sequences for Hg 2+ and Pb 2+ , respectively. However, this specificity for these analytes does not allow their utilization for the detection of other metal ions, which can be done by QDs and organic dyes.
These facts, together with all the advantages that the optic technology presents nowadays, make custom-designed fluorescent sensors attractive tools for the monitoring of heavy metal ions in real applications.
